From lasing wavelengths observed for many samples of microdisk lasers with GaInAsP compressively strained quantum wells ͑CS-QWs͒, we estimate the gain peak redshifted by ϳ10 meV. We explain this phenomenon as the strain relaxation in the CS-QWs at the disk wing exposed to the air. Band and rate equation analyses show that the built-in potential by strain relaxation accelerates the carrier diffusion toward the disk edge and reduces the threshold to 30%-60% of that without strain relaxation. This result indicates the advantage of CS-QWs not only for the microdisk laser but also for various microlasers with a membrane structure, e.g., photonic crystal slab lasers. The semiconductor microdisk laser, 1,2 realizes ultralow threshold lasing due to its small cavity with high Q. Recently, we demonstrated a threshold injection current of 40 A ͑Ref. 3͒ and a threshold photopump power of 30 W ͑Ref. 4͒ at room temperature under continuous-wave condition. The disk active layer of these devices included GaInAsP compressively strained quantum wells ͑CS-QWs͒, which were expected to have high gain for the transverseelectric mode.
The semiconductor microdisk laser, 1,2 realizes ultralow threshold lasing due to its small cavity with high Q. Recently, we demonstrated a threshold injection current of 40 A ͑Ref. 3͒ and a threshold photopump power of 30 W ͑Ref. 4͒ at room temperature under continuous-wave condition. The disk active layer of these devices included GaInAsP compressively strained quantum wells ͑CS-QWs͒, which were expected to have high gain for the transverseelectric mode. 5 Used wafers in these experiments were epitaxially grown so that a long stripe laser would operate at wavelength of 1.55 m. The spontaneous emission peak was, typically, 1.53 m. However, lasing wavelengths in many samples of the microdisk laser shifted to longer than 1.55 m. As shown in Fig. 1 , they are widely distributed in the range ϭ1.53-1.65 m due to different resonant wavelengths, but 1.574 m on average. This indicates that the gain peak is redshifted by ϳ10 meV in microdisk lasers. We consider that this phenomenon comes from the strain relaxation in the CS-QWs. In microdisk lasers, the disk is supported by center posts. Such a structure is fabricated by selective wet etching of the cladding layer sandwiching the disk active layer. 3 The typical thickness of the disk, including the CS-QWs and optical confinement layers, is as thin as 200 nm. Therefore, strain relaxation in CS-QWs can occur at the disk wing from the post edge to the disk edge. So far, strain relaxation has been experimentally investigated for bulk GaInP ͑Refs. 6 and 7͒ and for the cleaved facet in an AlGaInP QW laser. 8 In this letter, we theoretically show how strain relaxation changes the performance of the microdisk laser. Through band and rate equation analyses, we show that this effect possibly reduces the carrier loss and provides a remarkable low threshold in the microdisk laser.
In this study, we use the band calculation method 9 for strained and strain-relaxed materials and the assumption for the strain relaxation function. 
where is the strain after the relaxation, 0 the original strain before the relaxation ͑the positive sign signifies the compressive strain͒, C 11 Threshold power P by photopumping is converted to threshold current I by the relation P/បϭI/e 0 , where ប is the reduced Planck's constant, the angular frequency, and e 0 the electron charge. The designed gain peak of the used epitaxial wafer is 1.55 m.
APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 9 4 MARCH 2002 a v the hydrostatic deformation potential for conduction and valence bands, respectively, and b the shear deformation potential. Here, we define (r) as the strain distribution function with respect to radius r and assume that the strain relaxation is almost inversely proportional to the distance from the disk edge and becomes zero at the post edge. Then,
where a is the disk radius, r 1 the post radius, and k 1 and k 2 the constant values. Now, the change of band-gap energy ⌬E g (r) is a function with respect to r, which satisfies
where ⌿(r) is the normalized field of the whispering gallery mode and ⌬E g eff is the effective change of the band-gap energy by strain relaxation. In the calculation, we assume a ϭ1.5 m and r 1 ϭ0.9 m, which minimizes the threshold, and calculate ⌿(r) by the finite-difference time-domain method. 10 From the experimental data, ⌬E g eff is fixed at Ϫ10 meV. As other parameters, we use those in Refs. 9 and 11. Figure 2 shows the change of quantized energy levels in the disk. Those at the conduction and valence bands both go down much more toward the disk edge where the strain is sufficiently relaxed. For the valence band, this comes from the larger shear deformation potential effect than the hydrostatic deformation potential effect. However, since the change of the energy level at the conduction band is larger than that at the valence band, the band gap is reduced and thus, the gain peak is redshifted. The built-in potential shown in Fig. 2 cannot be neglected compared with thermal energy 26 meV at 300 K.
In the disk wing exposed to air we neglect the pn junction potential, since carriers are only injected by diffusion. 11 Then, the lasing characteristic is analyzed by the current continuity equations
͑6͒
where n and p are electron and hole densities, respectively, D e and D h the electron and hole diffusion constants, respectively, R the carrier recombination rate, e 0 the electron charge, k B the Boltzmann constant, and T the absolute temperature. They can be simplified with the help of the Einstein's relation Dϭk B T/ for mobility and Poisson's equations with the electrical neutrality condition nϳpϵN and the undoped condition in the CS-QW. By combining Eqs. ͑5͒ and ͑6͒, the potential effect in the rate equation for carrier density N(r) is finally expressed in the polar coordinates as
where D is the ambipolar diffusion constant given by D ϭ2D e D h /(D e ϩD h ). We add term ͑7͒ to the rate equation for the carrier density, including the simple carrier diffusion effect and the simulated field profile. The calculation parameters and the method used are the same as those in Ref. 10 except for Qϭ3000 estimated in the experiment. 3, 4 We neglect the change of optical gain by strain relaxation, since the decrease in effective strain assumed in the calculation is as small as 0.37%. Figure 3 shows the carrier density distribution at threshold against different original strain 0 . Here, the strain distribution function (r) is adjusted such that the calculated threshold current for 0 ϭ1% and a diffusion constant Dϭ2 cm 2 /s fits to an experimental value of 40 A. because of the larger potential introduced by the strain relaxation. Carriers at the disk center are forced to flow toward the disk wing by the potential. Therefore, the threshold is reduced to 60% and 30% of that without strain relaxation for 0 ϭ1% and 2%, respectively, as shown in Fig. 4 . In addition, we found that the result is sensitive to the slope of the strain distribution function. This means that the laser performance is easily controlled by changing some structural parameters, e.g., disk thickness, post radius, etc.
In conclusion, we investigated the strain relaxation effect in microdisk lasers by band and rate equation analyses. By this effect, we could explain the phenomenon that the lasing wavelength of CS-QW microdisk lasers tends to be longer than the designed one. We also indicated the possibility that the threshold is remarkably reduced by the electron potential introduced by this effect. By the engineering of the strain distribution, the lasing characteristics of not only the microdisk laser but also other kinds of microlasers, e.g., photonic crystal lasers, which have a membrane structure, will be improved beyond the limit of carrier diffusion.
